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Introduction 


The  survival  and  growth  of  tumors  is  dependent  on  the  neo-vascularization  of 
the  growing  tumor  mass.  Prior  to  the  vascularization  of  a  tumor,  a  subpopulation 
of  tumor  cells  acquire  an  angiogenic  phenotype  characterized  by  the  production  of 
polypeptide  growth  factors  that  stimulate  endothelial  cell  proliferation,  migration 
and  differentiation.  By  activating  cell  surface  receptor  molecules,  these  tumor- 
derived  angiogenic  factors  induce  the  growth  of  blood  vessels  into  the  tumor  from 
pre-existing  blood  vessels.  Thus,  the  process  of  tumor  angiogenesis  represents  an 
attractive  target  distinct  from  tumor  cells  themselves  for  the  development  of  new 
cancer  therapeutic  agents.  Experimental  therapies  directed  against  various 
components  of  the  angiogenic  process  including  growth  factors,  receptor  kinase 
activities,  intracellular  signaling  enzymes,  extracellular  matrix  molecules,  and 
proteases  are  currently  being  evaluated.  We  are  characterizing  the  signaling 
pathways  utilized  by  vascular  endothelial  growth  factor  (VEGF),  an  angiogenic  factor 
that  is  widely  expressed  by  breast  tumors,  and  we  are  generating  neutralizing 
monoclonal  antibodies  to  receptor  molecules  for  VEGF.  We  will  test  the  antibodies 
for  the  ability  to  block  VEGF-induced  endothelial  cell  proliferation  and  capillary 
growth  in  vitro.  VEGF  is  known  to  play  a  crucial  role  in  both  normal  embryonic 
development  and  in  the  malignant  transformation  of  a  number  of  different  tissues. 


4 


Body  of  Report 
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Grant  DAMD17-98-1-8348  was  transferred  at  the  end  of  July  2000  to  the  American 
Type  Culture  Collection  (ATCC)  where  the  PI  occupies  a  laboratory  on  the  Prince 
William  campus  of  George  Mason  University.  A  one  year  extension  to  August  2002 
was  granted  in  July  2001.  In  June  of  2001  the  PI  received  approval  from  the  Prince 
William  Hospital  IRB  for  a  human  subjects  protocol,  which  was  originally 
submitted  in  December  1999.  This  protocol  is  currently  being  reviewed  by 
USAMRMC. 

Specific  Aim  1:  Tasks  1-5 

Vascular  endothelial  cell  growth  factor  (VEGF)  stimulates  angiogenesis  and 
human  endothelial  cell  proliferation  by  binding  to  two  cell  surface  receptor  tyrosine 
kinase  molecules:  Flt-1  (fms-like  tyrosine  kinase)  and  KDR  (kinase  insert  domain- 
containing  receptor)  (1,2).  The  affinity  of  Flt-1  for  VEGF  is  about  an  order  of 
magnitude  higher  than  that  of  KDR.  In  recent  years  the  ligand-binding  regions  of 
these  receptors  have  been  localized  to  the  N-terminal  three  or  four  Ig-like  loops  in 
the  extracellular  domains  (3-7).  The  second  Ig-loop  of  Flt-1  is  the  primary 
determinant  of  ligand  binding  (3),  and  we  have  shown  that  either  loop  1  or  3  is 
required  in  conjunction  with  loop  2  for  high  affinity  VEGF  binding  (6).  Both  VEGF 
receptor  types  are  essential  for  normal  embryonic  development  as  the  targeted 
deletion  of  each  receptor  is  embryonic  lethal  (8,9).  In  adult  mammals  both  VEGF 
receptors  are  found  predominantly  on  endothelial  cells,  however,  KDR  is  also  an 
early  marker  in  hematopoietic  cell  development  and  is  present  on  hematopoietic 
stem  cells  in  bone  marrow  (10). 

Because  cytotoxic  antibodies  to  KDR  may  have  the  potential  to  kill 
hematopoietic  stem  cells,  we  are  focusing  on  raising  monoclonal  antibodies  to  Flt-1. 
We  have  created  baculoviruses  harboring  cDNAs  encoding  full-length  and 
truncated  human  Flt-1  receptors  (6).  These  receptor  constructs  are  expressed  in  the 
High  5  L  ru  cell  line  obtained  from  Invitrogen.  In  addition,  we  have  transfected 
High  5  cells  with  full-length  receptor  cDNA  that  is  constitutively  expressed.  These 
sources  provide  the  human  Flt-1  molecules  that  are  used  to  immunize  mice.  We 
have  gone  through  one  cycle  of  antibody  production  and  analysis  in  which 
monoclonal  antibodies  were  generated  from  spleens  of  mice  immunized  with  High 
5  cells  expressing  full-length  Flt-1.  Over  500  hybridoma  supernatants  were  assayed 
for  the  ability  to  inhibit  VEGF  binding  to  High  5  cells  expressing  Flt-1.  Thirty 
hybridomas  whose  supernatants  moderately  inhibited  VEGF  binding  (40-60%)  were 
subcloned,  however,  none  of  the  hybridoma  clones  were  positive  on  re-screening. 
Further  hybridomas  that  were  generated  with  splenocytes  from  mice  immunized 
with  full-length  Flt-1  will  be  analyzed  for  neutralizing  activity.  In  addition,  mice 
will  be  immunized  with  insect  cells  expressing  the  three  Ig-loop  binding  region  of 
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Flt-1  to  increase  the  probability  of  producing  neutralizing  antibodies.  We  are 
purifying  the  three  loop  Flt-1  construct  from  insect  cells  for  use  as  an  immunogen 
but  have  not  yet  achieved  homogenous  preparations.  To  increase  the  throughput  of 
the  antibody  screen,  we  are  developing  an  assay  for  cell-bound  VEGF  that  utilizes 
streptavidin-conjugated  horseradish  peroxidase  and  enhanced  chemiluminescence. 
This  will  allow  the  assay  to  be  done  in  a  96-well  dot  blot  format  with  fewer  target 
cells. 

The  strategy  of  inhibiting  the  angiogenic  activity  of  VEGF  at  the  level  of  ligand- 
receptor  interactions  at  the  cell  surface  rather  than  at  the  level  of  intracellular 
signaling  intermediates  is  supported  by  studies  of  intracellular  pathways  activated  in 
endothelial  cells  in  response  to  VEGF  (11-13  and  Appendix  1).  The  mitogen- 
activated  protein  (MAP)  kinases  ERKs  1  and  2,  and  p38  MAP  kinase  but  not  Jun  N- 
terminal  kinase  (JNK)  and  phosphatidylinositol  3'-kinase  (PI  3-kinase)  were 
activated  in  response  to  VEGF.  By  using  specific  inhibitors  of  these  kinases,  we 
showed  that  activation  of  ERKs  1  and  2  and  PI  3-kinase  were  required  for  VEGF- 
stimulated  endothelial  cell  to  proliferation  (11).  However,  these  pathways  were  not 
uniquely  activated  by  VEGF  but  were  also  activated  by  epidermal  growth  factor  and 
fibroblast  growth  factor-2.  This  observation  of  convergent  growth  factor  signaling  in 
endothelial  cells  indicates  that  therapeutic  strategies  aimed  at  inhibiting 
intracellular  signaling  components  will  not  be  specific  for  responses  to  VEGF.  This 
conclusion  is  a  compelling  argument  for  focusing  on  proximal  steps  in  VEGF 
signaling  to  inhibit  angiogenesis. 

We  have  extended  our  study  on  VEGF  signaling  in  endothelial  cells  to  show 
that  PI  3-kinase,  an  enzyme  whose  activity  is  required  for  a  mitogenic  response  to 
VEGF,  binds  directly  to  the  Flt-1  receptor  for  VEGF  (14,  Appendix  2).  This  direct 
interaction  is  significant  in  that  it  implies  that  PI  3-kinase  is  activated  through  VEGF 
binding  to  Flt-1.  To  date  PI  3-kinase  activation  has  only  been  experimentally  linked 
to  the  KDR  receptor  (15).  Thus,  it  is  likely  that  dual  receptors  signals  are  involved  in 
PI  3-kinase  activation. 

Specific  Aim  2:  Tasks-6-8 

The  activities  of  antibodies  specific  for  human  receptor  molecules  cannot 
initially  be  characterized  in  vivo.  The  goal  of  this  specific  aim  is  to  develop  an  in 
vitro  microvessel  growth  assay  using  fragments  of  human  vascular  tissue  obtained 
from  umbilical  cords.  As  reported  last  year,  we  have  done  pilot  experiments 
indicating  we  have  culture  conditions  that  should  allow  endothelial  cell  outgrowth 
and  microvessel  formation  from  pieces  of  umbilical  cord.  Tissue  fragments  were 
plated  on  a  collagen-coated  substratum  in  DME/F12  nutrient  medium 
supplemented  with  either  10%  fetal  bovine  serum,  10  ng/ml  fibroblast  growth 
factor-2  (FGF-2),  10  ng/ml  VEGF  or  FGF-2  and  VEGF.  After  a  growth  phase  in  which 
cells  migrated  out  of  the  tissue  fragments  and  proliferated  on  the  substratum,  the 
nutrient  medium  was  changed  to  one  with  a  low  calcium  concentration.  A  large 
percentage  of  cells  died  in  the  new  medium  consistent  with  the  inability  of 
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fibroblasts  to  grow  under  conditions  of  low  calcium  (16).  The  remaining  cells  had 
the  morphological  characteristics  of  endothelial  cells.  Further  development  of  this 
assay  has  been  put  on  hold  pending  the  approval  of  a  human  subjects  protocol  for 
the  acquisition  and  research  use  of  umbilical  cord  tissue.  A  protocol  and  consent 
form  submitted  in  December  1999  to  the  Prince  William  Hospital  in  Manassas,  VA 
were  approved  by  the  hospital's  IRB  in  June  2001  after  several  revisions  (see 
Appendix  3).  The  protocol  and  consent  form  are  now  being  reviewed  by  a  human 
subjects  specialist  at  the  USAMRMC. 

Specific  Aim  3:  Task  9 

To  reduce  the  immunogenicity  of  mouse  monoclonal  antibodies  in  humans  it  has 
become  standard  practice  to  clone  the  complementarity  determining  regions  of  the 
antibody  light  and  heavy  chains  into  human  antibody  heavy  and  light  chain  cDNAs 
(17).  A  chimeric  or  humanized  antibody  is  then  expressed  from  the  cDNAs  in  a 
mammalian  host  cell  line.  In  anticipation  of  humanizing  mouse  monoclonal  anti- 
Flt-1  antibodies,  we  have  used  mixed  synthetic  oligonucleotide  primers  (18)  to 
sequence  by  RT-PCR  the  Ig  heavy  and  light  chain  variable  regions  of  a  monoclonal 
antibody  to  the  human  EGF  receptor  (19).  The  same  primer  sets  will  be  used  to 
sequence  anti-Flt-1  antibody  variable  regions. 


Key  Research  Accomplishments 


•  Identification  of  a  major  autophosphorylation  site  on  the  Flt-1  VEGF  receptor 
and  direct  demonstration  of  phosphotyrosine-dependent  PI  3-kinase  binding 

•  Cloning  and  sequencing  of  antibody  heavy  and  light  chain  variable  regions 


Reportable  Outcomes 


Publications 

1.  Sato,  J.D.  and  Yu,  Y.  (2000)  VEGF  signaling  pathways  in  endothelial  cell 
mitogenesis.  DoD  Breast  Cancer  Research  Program  Era  of  Hope  Meeting. 
Atlanta,  GA,  June  8-12,  p.  568. 

2.  Yu,  Y.,  Hulmes,  J.D.,  Herley,  M.T.,  Whitney,  R.G.,  Crabb,  J.W.,  and  Sato,  J.D. 
(2001)  Direct  identification  of  a  major  autophosphorylation  site  on  vascular 
endothelial  growth  factor  receptor  Flt-1  that  mediate  phosphatidylinositol  3'- 
kinase  binding.  Biochem.  J.  In  press. 
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3.  Sato.  J.D.  (2000)  Hybridoma  cultures  for  production  of  antibodies.  Purification 
and  specificity  of  antibodies.  In:  Protocols  for  Neural  Cell  Cultures,  (S.  Fedoroff 
and  A.  Richardson,  eds.).  Human  Press,  New  Jersey. 

4.  Sato,  J.D.,  Barnes,  D.W.,  Hayashi,  I.,  Hayashi,  J.,  Hoshi,  H.,  Kawamoto,  T., 
McKeehan,  W.L.,  Matsuda,  R.,  Matsuzaki,  K.,  Okamoto,  T.,  Serrero,  G., 
Sussman,  D.J.,  and  Kan,  M.  (2001)  Specific  cell  types  and  their  requirements. 

In:  Basic  Cell  Culture:  a  Practical  Approach,  (J.M.  Davis,  ed.),  Oxford  University 
Press,  Oxford.  In  press. 


Conclusions 


Several  hundred  hybridoma  supernatants  have  been  screened  for  neutralizing 
activity  towards  Flt-1,  but  no  confirmed  postives  were  identified.  Immunization  and 
screening  procedures  will  be  modified  for  future  hybridoma  fusions.  The  major 
conclusion  of  the  research  done  thus  far  is  that  the  convergence  or  overlap  of 
signaling  pathways  initiated  by  different  growth  factors  indicate  therapeutic 
interventions  of  angiogenesis  or  other  growth  factor-induced  processes  should 
target  early  events  in  signaling  cascades  in  order  to  achieve  the  greatest  degree  of 
specificity. 
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VEGF  SIGNALING  PATHWAYS  IN  ENDOTHELIAL 
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Vascular  endothelial  cell  growth  factor  (VEGF)/vascular  permeability  factor  (VPF)  is  a 
specific  mitogen  for  endothelial  cells.  Since  1991  it  has  been  known  that  VEGF,  like 
many  other  polypeptide  growth  factors,  activates  a  receptor-associated  tyrosine  kinase 
in  target  cells.  We  have  used  normal  human  umbilical  vein  endothelial  cells  (HUVECs) 
rather  than  immortal  endothelial  or  non-endothelial  cell  lines  transfected  with  VEGF 
receptor  cDNAs  to  study  intracellular  signaling  pathways  activated  by  VEGF  in 
endothelial  cell  mitogenesis.  We  assessed  the  activation  of  enzyme  signaling 
intermediates  by  phosphorylation  state  and  by  increased  kinase  activity  towards 
substrates.  In  addition,  we  used  specific  inhibitors  of  signaling  enzymes  to  evaluate  their 
significance  in  VEGF-stimulated  cell  proliferation.  Like  all  polypeptide  growth  factors 
that  have  been  tested  VEGF  rapidly  and  transiently  activated  the  mitogen-activated 
protein  kinases  (MAPKs)  ERKs  1  and  2.  It  also  activated  p38  MAP  kinase  in 
subconfluent  HUVECs,  but  it  had  no  detectable  effect  on  stress-activated  protein  kinase 
(SAPK)/jun  N-terminal  kinase  (JNK).  Phosphatidylinositol  3-kinase  (PI  3-kinase)  and 
its  downstream  mediator  p70  S6  kinase,  phospholipase  C  gamma,  and  the  delta  and 
epsilon  isoforms  of  protein  kinase  C  were  also  activated  by  VEGF  in  HUVECs.  By 
contrast,  activation  of  the  janus  kinases  (JAKs)  and  PKCs  alpha  and  beta  was  not 
detected.  The  activities  of  ERKs  1  and  2,  PI  3-kinase  and  p70  S6  kinase  were 
specifically  inhibited  by  PD98059,  LY294002  and  rapamycin,  respectively,  in  VEGF- 
stimulated  HUVECs,  and  each  of  the  three  inhibitors  completely  inhibited  cell 
proliferation.  There  was  no  apparent  cross-talk  between  PI  3-kinase  or  p70  S6  kinase 
and  ERKs  1  and  2  or  between  the  ERKs  and  p38  MAP  kinase.  Inhibition  of  p38  MAP 
kinase  by  the  compound  SB203580  resulted  in  the  hyperphosphorylation  of 
retinoblastoma  (Rb)  protein,  and  it  stimulated  HUVEC  proliferation  both  in  the  presence 
and  absence  of  VEGF.  Our  results  indicate  that  the  activities  of  the  signaling  enzymes 
ERKs  1  and  2,  PI  3-kinase,  and  p70  S6  kinase  are  essential  for  VEGF-induced  HUVEC 
proliferation  while  p38  MAP  kinase  acts  to  supress  endothelial  cell  proliferation  by 
inhibiting  cell  cycle  progression.  VEGF  activates  a  multiplicity  of  signal  transduction 
pathways  in  endothelial  cells,  but  as  none  of  these  pathways  is  unique  to  VEGF, 
targeting  VEGF  receptors  rather  than  intracellular  signaling  intermediates  may  be  a  more 
appropriate  therapeutic  strategy  for  controlling  VEGF-induced  cell  proliferation  in  vivo. 
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Direct  identification  of  a  major  autophosphorylation  site  on  vascular 
endothelial  growth  factor  receptor  Flt-1  that  mediates  phosphatidylinositol 
3  -kinase  binding 
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Progress  has  been  made  in  our  understanding  or  the  mechanism 
by  which  the  binding  of  vascular  endothelial  growth  factor 
(VEGF)  to  cognate  receptors  induces  a  range  of  biological 
responses*  but  it  is  far  from  complete.  Identification  of  receptor 
autophosphorylation  sites  will  allow  us  to  determine  how  acti¬ 
vated  VEGF  receptors  are  coupled  to  specific  downstream 
signalling  proteins.  In  the  present  study,  we  have  expressed 
human  VEGF  receptors  in  insect  cells  using  the  baculovirus 
expression  system,  identified  a  major  autophosphorylation  site 
on  the  VEGF  receptor  fms-Jike  tyrosine  kinase-1  (Flt-1)  by 
HP LC-electro spray  ionization  (ESl)-MS,  and  characterized  in 
vitro  interactions  between  Flt-1  and  phosphatidylinositol  3  - 
kinase  (PI3-kinase).  Infection  of  High  5  insect  cells  with  Flt-1 
recombinant  virus  resulted  in  the  expression  of  a  170  kpa 
glycoprotein,  which  bound  VEGF  with  a  Ka  of  2xlO“10M  in 


intact  insect  cells,  The  overexpressed  recombinant  Fit-1  receptors 
exhibited  tyrosine  kinase  activity  and  were  conscitutively  phos- 
phorylated.  Analysis  of  Flt-1  tryptic  peptides  by  HPLC-BSI-MS 
with  selective  phosphate  ion  monitoring  identified  a  hexapeptide 
(YVNAFK;  where  single-letter  amino-acid  code  has  been  used) 
containing  a  phosphotyrosine  (pTyr)  residue  at  position  1213. 
Using  synthetic  phosphopep tides,  this  pTyr  residue  was  found  to 
be  directly  involved  in  the  binding  of  PI3-kina$e  irt  vitro  even 
though  it  did  not  fall  within  a  consensus  pYM/VXM  PI3-kina$e 
binding  motif.  These  results  suggest  that  phosphorylated  Fit-1 
associates  with  PI3-kinase  at  pTyr,al3  to  mediate  the  activation 
of  this  pathway  in  VEGF  signalling. 

Key  words:  mass  spectrometry,  phosphotyrosine,  receptor  tyro¬ 
sine  kinase. 


INTRODUCTION 

The  tyrosine  kinase  receptors  fms-like  tyrosine  kinase- 1  (Flt-1) 
and  kinase  insert  domain-containing  receptor  [KDR ;  also  known 
as  fetal  liver  kinase- 1  (FI*- 1)1  tw0  si*nal  transmittin* 

receptors  for  VEGF,  play  critical  roles  in  angiogenesis.  Gene 
targeting  studies  have  shown  chat  KDR/Flk-1  null  mice  lack 
blood  islands  and  haematopoietic  progenitor  cells,  while  Flt-1 
null  mice  ha^e  differentiated  endothelial  cells,  but  fail  to  form  an 
organized  embryonic  vasculature  [1,2].  These  results  indicated 
that  Flt-1  and  KDR/Flk-1  have  distinct  physiological  roles 
during  development  and  that  both  receptors  are  essential  for 

survival.  .  ,  .  ^ 

Ligand  binding  activates  receptor  tyrosine  kinases  (KlKs; 
through  receptor  dimerization  and  autophosphorylation  [3].  We 
demonstrated  that  VEGF  activated  a  tyrosine  kinase  activity  m 
human  umbilical  cord  endothelial  cells  [4].  and  Flt-1  [5]  and 
KDR  [6]  were  subsequently  characterized  as  VEGF-activated 
RTKs.  Individual  phosphotyrosine  (pTyr)  residues  and  adjacent 
amino  acids  generate  highly  selective  binding  sires  for  cytoplasmic 
signalling  proteins  containing  Src  homology  (SH)2  or  pTyr- 
binding  CPTB’)  domains  [7].  Association  of  signalling  proteins 
with  phosphorylated  receptors  then  results  in  the  activation  of 
intracellular  signalling  pathways,  which  induce  gene  expression 
and  cellular  responses  [6].  Thus  identification  or  VEGF  receptor 
autophosphorylation  sites  will  provide  considerable  insight  into 
the  interactions  between  VEGF  receptors  and  downstream 


signalling  proteins,  and  lead  to  a  better  understanding  of  the 
functions  ofindividual  VEGF  receptors  in  regulating  endothelial 
cells.  We  have  recently  reported  that  the  mitogen-activated 
protein  kinase  (MAP  kinase)  and  phosphatidylinositol  3#-kinase 
(Pl3-kinasc)/p70  S 6  kinase  pathways  are  essential  for  VEGF- 
induced  endothelial  cell  proliferation  while  the  p38  MAP  kinase 
pathway  regulates  VEGF  mitogenic  activity  by  suppressing  cell 
cycle  progression  [9].  However,  the  specific  protein-protein 
interactions  through  which  VEGF  receptors  activate  specific 
downstream  signalling  pathways  to  transduce  a  mitogenic  signal 
are  not  clear.  Dougher-Vcrmazen  et  al.  [10]  found  four  pTyr 
residues  (pTyr051,  pTyr"‘,  pTyrmJ  and  pTyr1-0)  in  bacterially- 
expressed  KDR  kinase  domain.  Thus  far,  none  of  these  pTyr 
residues  has  been  specifically  implicated  in  the  binding  of  any 
signalling  molecules,  but  KDR  has  been  implicated  in  the 
activation  of  protein  kinase  B/Akt  through  FI3-kma$e  in  en¬ 
dothelial  cells  [11],  and  experiments  with  the  KDR;  inhibitor 
SU5416  suggest  that  KDR  is  involved  in  the  activation  of 
phospholipase  Cry  (PLC-y),  protein  kinase  C-£,  and  MaP  kinase 
ri2).  Several  putative  autophosphorytated  tyrosine  residues  on 
Flt-1  were  identified  using  either  the  yeast  two-hybrid  system  or 
iwo-dimensional  phospho  amino  acid  analysis  [13—17],  but  these 
reports  made  conflicting  claims  regarding  phosphorylated  tyro¬ 
sine  residues  on  Flt-1  and  their  potential  binding  pro  terns.  Using 
the  same  technique,  pTyr1100  was  identified  in  full-length  Flt-1 
[15],  but  not  in  overexpressed  Fll-1  intracellular  domain  [17]. 
pLC-y  was  found  by  Cunningham  et  al.  [14],  and  Sawano  et  al. 


Abbreviaiione  uwd:  ESI.  elecvosp'ay ‘Onisatlon;  FBS,teialbbFhe  setuin;nKO^^teni^J(liiB3.^F^-^liTi^lib<^ty'u6^h^T^i^®'Qj;^9rcs^bu^^ 
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[15],  to  bind  to  pTyr"w;  however,  Ito  et  al.  [17]  reported  that 
PLC-y  bound  to  pTyr1*"  and  pTyr114’.  Thus  these  experimental 
approaches  have  not  yielded  a  consensus  on  either  the  identities 
of  autophosphorylation  sites  or  their  interactions  with  signal 
transduction  molecules.  Ju  the  present  study,  wc  sought  10 
identify  autophosphorylated  tyrosine  residues  on  full-length 
recombinant  human  Fll-1  expressed  in  insect  cells  using  a 
different  technique,  elccirospray  ionization  (ESI)-MS,  and  to 
identify  associated  downstream  signalling  proteins. 

ESI  [1 8,19]  was  introduced  as  a  novel  way  to  volatilize  peptides 
for  mass  analysis.  When  directly  coupled  to  a  chromatography 
system,  on-line  analysis  of  column  eluates  can  be  accomplished 
without  the  need  for  peptide  purification.  The  use  of  triple 
quadrupole  mass  analysers  allows  the  selection  of  parent  ions  of 
specific  mass  to  charge  ratio  in  the  first  quadrupole,  which  are 
then  fragmented  by  collision-induced  dissociation  in  the  second 
quadrupole.  A  series  of  fragment  ions  that  provide  sequence 
information  are  measured  in  the  third  quadrupole.  This  process, 
known  as  tandem  MS  or  MS-MS  [20],  can  be  applied  to  peptides 
in  mixtures  or  in  eluates  from  HPLC.  Selective  ion  monitoring 
(SIM)  monitors  ion  current  at  certain  mass  values  throughout 
the  complete  mass  spectrum  as  a  function  of  time  [21).  The 
combination  of  SIM  with  ESl-MS  has  been  a  powerful  tool  for 
identifying  protein  modifying  groups  at  the  post-translational 

level  [22,23].  ^  „„  . 

In  the  present  study  we  report  that  Tyr  is  a  major 
autophosphorylation  site  on  Fli-1.  Using  synthetic  phospbo- 
peptidcs,  we  also  show  that  PI3-kinase  physically  associates  with 
Fjt-l  at  pTyr’*11.  These  results  indicate  that  Flt-1  participates  in 
the  regulation  of  endothelial  cell  functions  through  PI3-kinase- 
aciivated  signalling  pathways,  and  they  are  consistent  with  our 
previous  finding  that  PI3-kinase  signalling  through  p70  S6  kinase 
is  required  for  VEGF-induced  human  endothelial  cell  prolifer¬ 
ation  [9]. 

EXPERIMENTAL 

Reagents 

Grace’s  insect  cell  culture  medium,  lactalbumin  hydrolysate  and 
ycastolate  were  purchased  from  Life  Technologies  (Gaithersburg, 
MD.  U.S.A.).  Fetal  bovine  serum  (FBS)  was  purchased  from 
Upstate  Biotechnology  (Lake  Placid,  NY,  U.S.A.).  Sfi)  and  High 
5  insect  cells,  and  the  pVLI392  baculovirus  transfer  vector  were 
obtained  from  Invitrogen  (Carlsbad,  CA,  U.S.A.).  Anti-(FU-l) 
(C-17)  and  anti-(Flk-l)  (C-l  158)  antibodies  wcrcpurchased  from 
Santa  Cruz  Biotechnology  (Santa  Cruz,  Ca,  U.S.A.).  Mono¬ 
clonal  anti-pTyr  antibody  (4G10)  and  monoclonal  anti-(PI3- 
kinase)  (p85a)  were  purchased  from  Upstate  Biotechnology. 
Protein  A-Scpharose,  Protein  G-agarose  and  sulfolink  coupling 
gel  were  from  Pierce  Chemical  Co.  (Rockford,  IL,  U.S.A.). 
PVDF  membrane  was  from  Millipore  (Bedford,  MA,  U.S.A.), 
and  ECL*  Western  blotting  detection  reagents  were  obtained 
from  Amersham  (Little  Chalfont,  Bucks.,  U.K.).  [•y-“iP]ATP  and 
:’*S-protein  labelling  mix  were  from  NEN  Life  Science  Products 
(Boston,  MA,  U.S.A.).  Na„VO,  and  the  protease  inhibitors 
leuoeptin,  pepstsiin  A,  aprotinin  and  PMSF  were  purchased 
from  the  Sigma  Chemical  Co.  (St.  Louis,  MO,  U.S.A.).  Aceto¬ 
nitrile  and  trifluoroacetic  acid  were  obtained  from  Fisher 
Scientific  (Springfield,  NJ,  U.S.A.). 

Cell  culture 

Sf9  and  High  5  insect  cells  were  maintained  at  27  °C  in  Grace’s 
insect  culture  medium  supplemented  with  lactalbumin  hydro¬ 
lysate,  ycastolate  and  10%  (v/v)  FBS.  Human  umbilical  vein 


endothelial  cells  (HUVECs)  were  isolated  and  maintained  as 
previously  described  [9], 

RNA  Isolation  and  reveres  transcription 

Total  RNA  was  prepared  from  HUVECs  using  RN  Azol  (Biotecx 
Laboratories,  Houston,  TX,  U.S.A.).  cDNA  templates  for  PCR 
were  synthesized  from  5  /ig  of  total  RNA  with  oligo(dT)  primers 
using  a  Superscript  preamplification  system  (Life  Technologies). 

Cloning  and  sequencing  of  VEGF  receptor  cDNAs 

cDNa  fragments  (1.6  kb)  encoding  the  intracellular  portion  of 
Flt-1  or  KDR  were  cloned  using  PCR.  The  following  synthetic 
oligonucleotide  primer  pairs  were  used  for  Flt-1  (forward.  5'- 
CCTTaTGATGCCAGCAAGTGG-3';  reverse,  S'-CTGGAT- 
CCGGCTTCGTGTCAAACrCTAG-3')  and  KDR  (forward. 
5'-CATG  G ATCCaG aTGAACTCCCATTGG-3'  ;  reverse,  5'- 
CTGGATCCTTAAaCAGGAGGAGAGCTC-3').  Full-length 
receptor  cDNAs  were  made  by  splicing  the  1 .6  kb  Flt-1  fragment 
on  to  a  2.4  kb  cDNA  fragment  encoding  the  extracellular  portion 
ofFU-1  in  the  pVL1392  transfer  vector  [24]  cut  with  the  restriction 
enzymes  PflMl  and  Barr  HI.  and  by  splicing  the  1.6  kb  KDR 
fragment  on  to  a  2.4  kb  cDNA  fragment  encoding  the  extra¬ 
cellular  portion  of  KDR  in  the  pVL1392  vector  [24]  at  a  unique 
BamHl  site.  Samples  for  sequence  analysis  were  prepared  using 
the  Prism  Ready  Reaction  DycDeoxy  Terminator  Cycle 
Sequencing  kit  (PE  Biosysiems,  Foster  City,  CA,  U.S.A.).  The 
complete  cDNAs  of  KDR  and  Flt-1  were  sequenced  on  an 
Applied  Biosystems  Model  370A  DNA  sequencer. 


AnUhodles 

Rabbit  polyclonal  antisera  P20L  and  K20L  were  raised  against 
the  synthetic  peptides  PNNQSGSEQRVEVTECSDGL  and 
KDPELSLKGTQHIMQAGQTL  (where  single-letter  amino- 
acid  code  has  been  used)  corresponding  to  N-terroinal  amino 
acid  sequences  of  human  KDR  and  Flt-1  respectively.  The 
peptides  were  synthesized  by  the  Adirondack  Biomedial  Research 
Institute  Protein  Chemistry  Facility.  Immunization  of  rabbits 
with  keyhole-limpet  hacmocyanin-conjugatcd  peptides  and  col¬ 
lection  of  sera  were  performed  by  Cocalico  Biologicals  (Reams- 
town,  PA,  U.S.A.).  The  antibodies  were  affinity-purified  using 
peptide-coupled  Afti-gel  10  (Bio-Rad). 

Generalion  ol  recombinant  baculovirus  and  Infection  of  High  5 
cells 

Recombinant  viruses  were  generated  by  cotransfection  Of  Sf9 
cells  with  PVL1392/FU-1  or  PVL1392/KDR  and  Baculogold 
baculovirus  DNA  (BD  Pharmingon,  San  Diego,  CA,  U.S.A.) 
using  lipofectin  (Life  Technologies).  Recombinant  viruses  were 
purified  by  plaque  assay  [25],  and  were  verified  by  PCR.  Cells 
were  lysed  and  the  recombinant  proteins  were  analysed  by 
immunoprecipitation  and/or  immunoblotting  48  h  post-infec¬ 
tion. 

Metabolic  labelling  ol  recombinant  Flt-1  and  KDR 

Subconfluent  High  5  cells  in  a  24  well  plate  (Corning)  were 
infected  with  recombinant  viruses.  Prior  to  labelling,  the  cells 
were  incubated  with  methionine-deficient  medium  (Lire  Tech¬ 
nologies)  for  1  h.  The  same  medium  containing  25  /id  of  “S- 
protein  labelling  mix  (NEN  Life  Science  Products)  was  added, 
2  h  before  cacli  lime  point.  Incubation  was  continued  at  27  C 
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leupeptin,  10  fig/m  1  aprotinin  and  1  p g/m\  pepstatin.  Cell  lysates 
were  clarified  by  centrifugation  Lwice  at  13000 ^  for  15  min.  A 
50  %  (v/v)  peptide—Sulfolink  gel  slurry  (30  ju  1)  containing  3  /ig  of 
peptide  was  incubated  with  0.5  mg  of  HLTVEC  lysate  protein  at 
4  °C  for  2  h.  The  gel  beads  were  washed  with  lysis  buffer 
containing  0.2  M  NaCI,  and  the  bound  proteins  were  analysed 
by  Western  blotting  with  a  monoclonal  antibody  directed  against 
PD-kinase. 

RESULTS 

Molecular  Cloning  of  FIM  cDNA 

The  full-length  coding  region  cDNA  for  Flt-1  was  amplified 
from  HU V£C  RNA  by  reverse  transcription  PCR  using  Taq  and 
Vent  polymerases,  and  it  was  subcloned  into  the  baculoWrus 
transfer  vector  PVL1392.  Two  nucleotide  differences  were  found 
between  our  Flt-1  sequence  and  the  original  published  sequence 
[28],  resulting  in  a  single  amino  acid  difference  (Lcu7,u  -+  Phe) 
that  was  also  reported  by  de  Vries  et  al.  [5].  For  comparison 
KDR  coding  region  cDNA  way  also  cloned  and  sequenced.  The 
FIM  and  KDR  cDNA  sequences  have  been  deposited  with 
GenBankyp  (accession  numbers  AF063657  and  AF063658). 
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Flouri  2  PNGase  F  digestion  of  RH  and  KDR  expressed  In  High  S  Insect 
cells 

Recombinant  virus-infected  High  5  (H5)  cells  ware  lysed  4B  h  post-lnfecilon.  Cells  were 
fractionated  by  homogenization,  and  membrane  were  collected  by  uniracenirlfugaUon.  Olfleslton 
was  carred  out  by  incuballng  membrane  proteins  with  (■+-)  or  without  (— )  PNGase  f  at  37  C 
overnight,  FIM  or  KDR  in  Lhe  digesdon  mixture  was  analysed  by  Western  blading  with  the 
Indicated  anti-peptide  antibodies.  Molecular  masses  of  protein  standards  are  indicated  on  the 
lefhhand  side. 


Recombinant  FH-1  as  a  glycosylated  membrane-bound  proieln 
with  specific  binding  affinity  for  VEGF 

Recombinant  Fll-1  expressed  in  insect  cells  was  detected  in  cell 
lysates  by  Western  blotting  as  a  single  protein  of  approx,  1 70  kDa, 
Whereas  recombinant  KDR  was  detected  as  a  doublet  of  approx. 
190  and  170  kDa  (Figure  1).  To  determine  whether  recombinant 
Fir- 1  was  post-trftnslationally  glycosylated,  similarly  to  endogen¬ 
ous  Flt-1  in  endothelial  cells,  membrane  proteins  prepared  From 
infected  High  5  cells  were  digested  with  peptide  N-glycosidase  F 
(PNGase  F).  Recombinant  Flt-l  was  essentially  completely 
digested  by  this  enzyme,  reducing  the  apparent  molecular  mass 
estimated  by  SDS/PAGE  from  1 70  to  1 55  kDa,  which  was  close 
to  the  150  kDa  mass  predicted  for  the  non-glycosylated  Flt-1 
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Figure  1  Time  course  of  FIM  end  KDR  expression  In  baculoviTus-Infocied 
High  S  cells 


(A)  Audiogram  ol  ^S-labellad  proteins  of  cells  that  were  pulse-labelled  lor  2  h  and  lysed 
a(  Ihfl  indicated  lime  polnls.  Delsrgunl  lysates  were  resolved  by  SDS/PAGE,  and  lhe  dried  ge 
was  exposed  (o  X-ray  Him.  (B)  Fll-1  and  KDR  were  Immunoprecipilated  (IP)  Irom  detergent 
lysates  at  0,  24. 36  and  40  h  posMnfeclion,  and  were  subjected  la  SDS/PAGE.  They  were  then 
dmBcifld  by  immunobloitlng  (ID).  Thu  anybodies  (Ah)  used  urn  listed,  Molecular  masses  ni 
protein  standards  are  Indicated  on  lhe  teU-hano  sides  ol  the  panels, 


Figure  3  Analysis  of  VEGF  binding  w  Intact  High  5  cells  expressing  Flt-1 

Scattfiard  pirn  of  lhe  saturation  binding  assay  (shown  in  Ihfl  inset),  increasing  amounts  of 
r^l]VEGF  were  added  10  FIM  virus-infected  High  5  cells  that  had  been  fixed  In  4B  well  plates, 
Non-specific  binding  was  determined  by  competition  with  a  1  DO-fold  of  unlabelled  VEGF, 
After  binding,  tea  cells  were  washed  and  lysed,  and  the  cell-associated  radioactivity  was 
determined  using  a  gamma  counter,  RbsuIis  are  presented  as  the  mwns  of  triplicate 
determinations, 


polypeptide  (Figure  2).  Recombinant  KDR  was  similarly  de- 
glycosylatcd  by  PNGase  F.  It  is  noteworthy  that  in  cell  mem- 
brancS,  KDR  was  present  as  a  single  190  kDa  protein,  which 
corresponded  to  the  higher  molecular  mass  KDR  polypeptide 
detected  in  whole-cell  lysates  (Figure  1).  When  KDR-infecled 
High  5  cells  were  incubated  in  the  presensc  of  the  glycosylation 
inhibitor  tunicatnycin,  only  the  lower  molecular  mass  KDR  was 
expressed  (results  not  shown)  indicating  that  the  170  kDa  KDR 
was  not  glycosylated.  Recombinant  Flt-1  bound  to  the  165- 
amino- acid  iaofcuin  of  VHGF  in  ft  siuurable  manner  (Figure  3). 
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Phosphotyrosine  residue  1213  of  Fit-1  binds  phosphaiidylinositol  3'-kinase 


Autophosphorylation  In  vitro  Klnass  activity 


Figure  i  Ugand-lndependew  VEGF  receptor  tyrosine  phosphorylation  In 
Flt-1*  or  KDH-mlected  High  S  (H5)  cells 

LBlt-ranfl  panel:  al  IB  h  posHnlecilon,  cells  ware  treated  with  (  +  )  pr  witnour  (— )  50  ng/ml 
VESF  tor  5  min.  FIM  or  KDR  was  Immunopreclplialtd  (IP)  Irom  whole-call  lysaiss  wiift  anil- 
niDlide  anliogdies  K2QL  or  P20L,  and  analysed  by  Waslem  blotlino  with  anu-pTyr  amibodles. 
Molecular  masses  ol  protein  standards  are  indicaied  on  (he  tilt-hand  side.  Righi-nand  panel: 
Flt-l  or  KDR  immunopreclpliaies  were  sub|ecied  to  an  in  vfct  kinase  assay.  Samples  were 
analysed  by  SDS/PAGE.  and  Iranslerred  on  m  a  PVDF  membrane,  lollowed  by  KOH  dealmenl 
and  autoradiography.  FII-1  or  KOR  w  deluded  on  lh«  membrane  by  immunobloulng  (IB)  with 
aniKFii-i)  (C-17)  or  anil-KDR  (C-115B)  antibodies. 


Scatcbard  analysis  revealed  the  presence  of  a  single  class  of  high- 
affinity  binding  sites  on  these  cells  with  a  dissociation  constant 
(KJ  of  2  x  10'1°  M,  indicating  that  the  recombinant  Flt-1  was 
intact  and  functional. 

Ligand-independent  tyrosine  phosphorylation  ol  recombinant  Flt-1 

Western  blotting  with  an  anti-pTyr  antibody  of  anti-receptor 
immunoprecipitates  of  infected  cells  treated  with  or  without 
VEGF  indicated  that  both  Flt-l  and  KDR  were  tyrosine 
phosphorylated  in  the  absence  of  VEGF  (Figure  4,  left-hand 
panel).  These  phosphorylation  events  resulted  from  receptor 
autophosphorylation  and  not  from  the  activity  of  unrelated 
tyrosine  kinases  as  demonstrated  recently  by  Saw&no  et  al.  [1 5] 
with  an  Fit- 1  kinase-negative  mutant,  which  exhibi  ted  no  tyrosine 
phosphorylation  in  insect  cells.  Ligand-independent  autophos- 
phorylaiion  of  RTKs  has  been  previously  reported  for  platelet- 
derived  growth  factor  (PDGF)  receptors  [29,30],  epidermal 
growth  factor  receptors  [31,32]  and  fibroblast  growth  factor 
receptors  [33]  expressed  in  the  baculovirus  system.  The  intrinsic 
kinase  activity  of  recombinant  Flt-l  or  KDR  was  confirmed  m 
an  in  vitro  kinase  assay  (Figure  4,  right-hand  panel)  These 
results  indicated  that  the  baculovirus  system  was  a  useful  model 
with  which  to  study  the  autophosphorylation  sites  of  the  FU-1 
receptor,  whose  tyrosine  kinase  activity  is  difficult  to  detect  in  a 
mammalian  cell  environment  [34,35]. 


Identification  of  autophosphorylation  sites  on  Flt-1 

To  produce  sufficient  amounts  of  tyrosine  autophosphorylated 
recombinant  Flt-l,  we  initially  tried  to  purify  Flt-l  from  uuect 
cells  by  affinity  chromatography  on  a  VEGF  column.  Flt-l 
receptors  were  first  enriched  by  isolating  plasma  membranes 
from  infected  High  5  cells  pretreated  with  VEGF.  In  tests  with  a 
variety  of  detergents,  the  efficiency  of  solubilizing  Flt-l  from  the 
membranes,  however,  was  extremely  low.  Wc  then  took  an 
alternative  approach  and  purified  Flt-l  by  SDS/PAGE.  Mem¬ 
brane-derived  170  kDa  Flt-l  protein  was  clearly  visualized  by 
Commassie  Brilliant  Blue  on  an  SDS/polyacrylamide  gel  (Figure 


Figure  5  Preparation  ol  baeuovlrus-exprassed  recombinant  FU-1  tor 
analysis  by  MS 

FlH-lnlecLB<l  High  5  <*ll$  (4B  h  posl-infeclion)  were  Iradloraied  by  homogenlzalton  and 
ullfacBnlttfugation,  Membrane  and  cytosolic  proteins  were  resolved  by  SDS/PAGE  [7.5%  (W/v) 
polyacrylamide].  F|l-1  was  located  In  Ihe  gel  sained  with  Commassie  Brilianl  Blue  (top  panel)^ 
A  parallel  gs|  (bottom  panel)  was  Iranslerred  on  lo  a  PVDF  membrane  and  immunohimted  wlm 
anlWFIl-1)  (C-17)  antibodies.  The  Immunoreaclive  F|l-1  corresponds  10  a  170  kDa  band  In  ttw 
slainad  gel.  Fl|-1  protein  bands  were  excised  from  Ihe  stainad  gal.  dlg*^  with  Uypsln  and 
analysed  using  an  API  300  hPLC-ta/idem  MS  mass  spectrometer. 


5,  top  panel).  In  a  parallel  gel,  this  170  kDa  protein  was 
recognized  by  anti-(Flt-l)  antibodies  (Figure  5,  bottom  panel) 
and  by  an  anti-pTyr  antibody  (results  not  shown).  After  trypsin 
digestion  of  Flt-l  protein  bands  excised  from  the  stained  gel, 
cryptic  peptide  extracts  were  run  on  HFLC-MS. 

The  tryptic  digests  were  analysed  by  capillary  liquid  chroma¬ 
tography  coupled  with  ESI-MS.  Flt-l  peptides  were  identified  in 
HPLC-MS  chromatograms  by  comparing  observed  masses  with 
those  of  predicted  proteolytic  fragments.  Peptide  sequences  were 
confirmed  by  tandem  MS.  Phosphorylated  peptides  were  iden¬ 
tified  by  $IM,  in  which  phosphate  groups  were  detected  ift  the 
first  quadruple  of  the  mass  spectrometer  as  a  result  of  partial 
dcphosphorylation.  This  was  achieved  by  applying  a  high  orifice 
potential  to  a  portion  of  each  sample.  pTyr-containing  peptides 
were  then  detected  where  phosphate  ions  (POJ  in  negative  ion 
mode)  were  identified  by  mass  increases  of  80  Da.  The  only 
phosphopeptide  detected  was  the  tryptic  hexapeptide  YVNAFK 
(Figure  6),  which  contained  a  phosphorylated  tyrosine  residue 
(p*Cyrlil*)  derived  from  a  region  near  the  C-terminus  of  Flt-l. 

Flt-1  interaction  with  PI3-kinase  is  determined  by  Tyr1213 

The  three  amino  acids  immediately  C-terminal  to  an  RTK  pTyr 
residue  define  the  binding  specificity  for  SH2  domain-containing 
proteins  [8,36].  The  phosphopeptide  pYVNA  of  Flt-l  fits  the 
general  binding  motif  pTyr-hydrophobioXaa-hydrophobic  elu¬ 
cidated  for  PI3-kinasc,  PLC-y  and  Stt  protein-tyrOsme  phos¬ 
phatase  2  CSHPTP2*)  [36].  Cunningham  et  al.  [13]  inferred  that 
FU-1  bound  PI3-kinase  through  pTyr,1Ia  from  results  obtained 
with  Flt-l  kinase  domain  and  PI3-kinase  SH2  domain  constructs 
in  the  yeast  two-hybrid  system.  In  addition,  we  have  reported 
that  VEGF  activated  the  PI3-kinase  pathway  in  human  en¬ 
dothelial  cell  mitogenesis  [9].  From  these  results,  PI3-kinase 
appeared  to  be  a  potential  signalling  protein  chat  could  be 
associated  with  autophosphorylated  Flt-l. 
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Fiflura  6  HPLG-ESI-M$  analysis  of  tryptic  FIM  VEGF  retoptor 

Approx.  lOpmol  Of  an  FIM  trypllc  digesl  were  analysed  by  HPLC-ESl-MS  wi|h  SIM  lor 
phosphopeplldes  (POr  in  negative  Ion  mode),  (A-C)  Ara  from  one  run  using  a  1400  capillary 
HPLC  system  (Applied  Btosyslems)  and  a  0,5  mm  x  150  mm  C,y  column  (Applied  Biosyslems) 
al  a  How  rate  of  5  yui/min.  'Blolin-ApSSYK  (10  proof)  and  EPQpYEEl  P Ia-NH?  (a  pmol)  wmc 
Jnlecled  with  the  digestion  mixture  as  internal  positive  control  phosphopsplidet-  All  or  me 
column  effluent  was  analysed  wllh  an  API  300  ESI  mass  spectrometer.  (A)  UV  absorbance 
profile  at  210  nm.  (B)  Negative  Ion  detection  profile  lor  POJ.  (C)  Full  scan  posmve  M  ion 
current  (TIC),  The  pTyr-conlalnlng  hexapepllde  pYVNAFK  Is  Indicated.  6,0e6  _  6.0  x  10  . 


To  demonstrate  a  direct  physical  interaction  between  Flt-1 
and  PI3-kinase,  with  the  involvement  of  pTyr1*1*,  in  uirro  binding 
studies  were  performed.  Two  15-residue  peptides  corresponding 
to  FIt-1  amino  acid  residues  1206-1219  were  synthesized,  in 
which  Ty  r1*1*  was  phosphorylatcd  (CG )  5FpY)  or  left  unmodified 
(CG15F)  (see  Figure  7  a).  To  determine  whether  autophos- 
phorylated  recombinant  Flt-1  associated  with  mammalian  PI3- 
kinase,  Flt-1  immu noprecipitates  from  infected  High  5  cells  were 
extensively  washed  and  incubated  with  lysates  from  non-stimu- 
lated  HUVECs  in  the  presence  of  CG  1 5F  or  CGI  5FpY  peptides 
(Figure  7B,  right-hand  panel).  Westem-bloi  analysis  of  bound 
proteins  with  a  specific  antibody  raised  against  W3-kinase 
revealed  that  recombinant,  full-length  Flt-1  associated  with  PI  3- 
kinase,  and  the  binding  was  competely  blocked  by  the  phos- 
pbopeptidc  CGISFpY,  but  not  by  the  control  peptide  CG15F. 
Unrelated  pTyr-containiog  peptides  or  similar  length  also  had  no 
effect  on  the  co-inununoprecipitation  of  Fll-1  and  PI3-kina$e 
(results  not  shown).  These  results  indicated  that  the  interaction 
with  PI3-kinase  was  dependent  on  the  phosphorylation  of  Tyr  ’  . 
The  requirement  of  pTyr““  for  the  binding  of  PI3;kinase  was 
also  investigated  using  immobilized  phosphopeptidcs.  CG  1 5F 
and  CGISFpY  were  covalently  coupled  to  Sulfolink  agarose  gel 
through  their  free  N-terminal  cysteine  residues,  and  they  were 
incubated  with  HUVEC  lysates.  The  peptide-coupled  Sulfolink 
cel  was  then  collected  by  centrifugation  and  washed,  and  bound 
proteins  were  analysed  by  Western  blotting  with  an  anti-(PI3- 
kinase)  antibody.  AS  shown  ill  Figure  7(B)  (lefl-hdiiil  panel),  the 
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Figure  7  In  wfro  association  of  PI3-klnase  with  FIM  receptors  at  pTyruta 

(A)  The  location  of  Tyr121*  in  Flu  and  the  sequences  of  synlheilc  peptides  CG15F  and 
CGISFpY.  The  two  hatched  boxos  represent  the  split  lyrosina  kinase  domain  of  the  Fll-1 
recepLor.  (B)  Right-hand  panel:  Recombinant  Fll-1  receptors  were  immunoprecipllated  from 
iniecled  High  5  cells  al  48  h  post-infecllon  wiih  specific  antibodies  (K2QL)  to  FIM  and 
incubated  with  cell  lysates  ol  non-sUmulated  HUVECs  in  the  presence  ol  pepnde  CG15F  or 
CGISFpY  Bound  proteins  were  analysed  by  Western  blotting  with  a  monoclonal  antl-(PI3- 
Kinase)  amlbody,  The  posiUon  of  PI34unasi  is  marked  with  an  arrow.  Lett-hand  panel:  HUVEC 
lysaios  were  Incubated  with  lha  peptides  coupled  to  Sulfolink  gel  in  the  absence  (-)  w 
presence  (+)  of  40  mto  phsnylphosphaic.  Bound  proteins  wn»  analysed  by  Western  blotting. 


CGl5FpY-couplcd  gel  bound  PI3-kinase,  whereas  the  non- 
phosphorylated  control  peptide  exhibited  no  detectable  binding 
to  PI3-kinase.  Furthermore,  the  association  of  the  immobilized 
phosphopeptide  with  the  PD-kinase  was  abolished  when  phenyl- 
phosphate  was  added  to  the  incubation,  indicating  that  the 
protein-protein  interaction  was  mediated  via  pTyrma.  Western 
blotting  also  showed  that  the  CGI  SpY  phosphopeptide  bound 
PLC-y  (results  not  shown),  which  is  in  agreement  with  the  results 
of  Ito  et  al.  [17],  Our  data  demonstrate  that  P13-kinasc  binds 
directly  to  Flt-1,  and  this  interaction  is  mediated  specifically  by 
pTyrim. 


DISCUSSION 

A  role  for  PI3-kinase  in  VEGF-induced  cell  signalling  has  been 
controversial.  Although  PI3-kina$e  is  activated  by  a  number  of 
polypeptide  growth  factors  [37],  previous  investigations  found 
that  Pl3-kinase  was  not  activated  by  VEGF  in  VEGF  receptor 
cDNA-transfected  porcine  endothelial  cells  [34],  Flt-1  cDNa- 
transfcctcd  NIH  3X3  fibroblasts  [35],  HUVECs  [38],  sinusoidal 
endothelial  cells  [39],  or  mouse  capillary  endothelial  cells  [17].  In 
support  of  a  role  for  PI3-kinasc  in  VEGF  signalling,  the  p85 
subunit  of  PI3-kinase  was  phosphory lated  in  bovine  endothelial 
cells  in  response  to  VEGF  [40],  and  it  bound  to  pTyrm‘  in  the 
intracellular  domain  of  Flt-1  in  a  yeast  two-hybrid  assay  [13]. 
Subsequently,  VEGF-stimulated  PI3^kinase  activity  was  shown 
to  be  important  in  the  anii-apoptotic  [11]  and  the  proliferative 
[9  41]  responses  of  human  endothelial  cells  to  VEGF.  The  present 
study  provides  additional  evidence  that  PB-kmase  could  mediate 
VEGF  signalling  through  a  direct  physical  interaction  with 
act iv tiled  FU-1. 
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We  have  used  HPLC-ESI-MS  to  identify  Tyr**"  as  the  major 
autophosphorylatioo  site  on  Flt-1.  Previously,  two  different 
approaches  were  taken  to  identify  Flt-1  phosphorylation  sites. 
Using  the  yeast  two-hybrid  method  coupled  with  site-directed 
mutagenesis,  Cunningham  et  al-  [13,14]  identified  Tyr  ,  Tyr 
and  Tyr™  as  residues  modified  by  phosphorylation,  whereas 
lgarashi  ct  al.  [16]  identified  Tyrm*  and  Tyr™5  as  phosphory¬ 
lation  sites.  Phospho  amino  acid  analysis  of  wild-type  and 
mutant  tryptic  peptides  separated  by  two-dimensional  gel  electro¬ 
phoresis  indicated  that  Tyr1”5  and  Tyr11"5  were  autophos- 
phorylated  on  full-length  Flt-1  expressed  in  insect  cells  [15]. 
However,  using  the  same  method  Ito  et  al.  [17]  reported  four 
phosphorylation  sites,  Tyr'1"1,  Tyr11",  Tyr1517  and  Tyr'3*1.  but 
not  Tyr11*",  on  the  baculovirus  expressed  Flt-1  kinase  domain. 
Possible  explanations  for  these  discrepancies  are  differences  in 
experimental  conditions,  assay  sensitivities  and  receptor  regions 
expressed  (i.e.  full-length  receptor  or  tyrosine  kinase  domain).  In 
each  of  these  reports  FU-1  phosphorylation  sites  were  identified 
by  indirect  methods.  In  the  present  study  we  have  used  MS  to 
identify  autophosphorylated  Tyr11’*  on  recombinant  full-length 
Fll-1  protein.  No  other  phosphorylated  tryptic  peptides  were 
detected.  We  cannot  exclude  the  possibility  that  the  phosphoryla¬ 
tion  levels  of  other  Flt-l  tyrosine  residues  expressed  in  High  5 
cells  were  below  the  detection  limit  of  the  MS  system  used. 
Although  Tyr111’  was  previously  identified  as  a  putative  auto¬ 
phosphorylation  site  of  Flt-l  that  binds  P13-kinase  [13,16].  no 
direct  evidence  for  this  interaction  was  provided.  In  the  present 
study  we  demonstrated  an  interaction  between  P13-kinasc  and 
TyruW  with  in  vitro  binding  experiments  using  a  synthetic 
phosphopeptide  containing  pTyr1*13.  The  same  phosphopeptidc 
sequence  also  bound  PLC-y  as  shown  by  Ito  et  al.  [17]  (results 
not  shown).  PI3-kinase  is  composed  of  a  p85  regulatory  subunit, 
which  contains  two  SH2  domains  aud  one  SH3  domain,  and  the 
pi  IQ  catalytic  domain  [42].  Since  VEGF  stimulates  the  phos¬ 
phorylation  of  the  p85  subunit  or  PJ3-ldrmsc  in  HUVECs  [41] 
and  induces  kinase  activity  [9,43],  the  binding  or  inactive  P13- 
kinase  to  Flt-l  is  most  likely  mediated  by  the  SH2  domains  of  the 
p85  subunit  as  suggested  by  Cunningham  ct  al.  [13].  The  YVNa 
sequence  of  Flt-l  that  includes  Tyr111*  is  different  from  the 
YM/VXM  motif  for  PI3-kinase  that  has  been  identified  in  other 
related  RTKs,  including  the  PDGF  receptor,  the  colony-stimu¬ 
lating  factor.  1  receptor  and  c-kit.  Thus  there  is  more  variability 
in  the  RTK  binding  motif  recognized  by  PI3-kinase  than 

previously  appreciated.  ,  „„  , . 

Wc  have  previously  shown  that  VEGF-activatcd  PI3-lunase  in 
HUVECs  phosphorylated  phosphoiidylinositol,  and  this  kinase 
plays  an  essential  role  in  transducing  a  VEGF  mitogenic  signal 
[9].  The  results  reported  in  the  present  study  suggest  that  the 
binding  of  activated  Flt-l  through  pTyr1413  to  PI3-kinase  con¬ 
tributes  to  the  activation  of  PI3-kinase.  This  protein— protein 
interaction  therefore  couples  an  extracellular  VEGF  stimulus  to 
Lbe  intracellular  PI3-kinase  signal  transduction  pathway  in 
vascular  endothelial  cells. 


This  work  was  supported  by  grant  DAMO  17-98-834B  from  the  U.S.  Army  Medical 
Research  and  Materiel  Command  (to  J.D.S,).  J.W.C.  was  supported  by  grant 
EYG6603  from  the  National  institutes  of  Health,  We  thank  Ms  Karen  West  for  peptide 
synthesis,  and  we  thank  Mrs  Marina  LaDuke  and  Ms  Alice  Vera  for  photography. 


REFERENCES 


1 

2 


alaby  F.,  Rossanl,  J.,  Yamaguchi,  T.  P-.  Gensensieln,  M.,  Wu,  X,  F„  BreUman,  M. 
and  Schuh.  A.  C.  (1905)  Failure  of  blood-island  formation  and  vasculosis  in 
i-1-daficienl  mice.  Nature  (London)  378,  62-66 

ng  G  H.  Rossani,  J..  Gertsensleln,  M.  and  Breitman.  M.  L  (1995)  Role  of  the  Fit* 
receptor  tyrosine  kinase  In  regulating  the  assembly  ol  vascular  endothahum.  Nalur« 
tfdon)  376,  66— 70 


3  Heldin,  C.-H,  (1995)  Dimerization  ol  call  surface  raptors  in  signal  transduction.  cell 
(Cambridge,  Mass,)  BO,  213-223 

A  Myoken,  Y.,  Kayada,  Y„  Okamaio,  T„  Kan,  M.,  Sato,  G,  H,  and  Sato,  J,  D,  (1991) 
Vascular  endothelial  cell  growth  tocior  (VEGF)  produced  by  A-431  human  epidermoid 
carcinoma  cells  and  identification  of  VEGF  membrane  binding  sites,  Proc,  Natl.  Acad, 
$Ci.  USA  B 8.  5619-5823 

5  de  Vrias,  C..  Escabfido,  J.  A  Houck,  1C.  Ferrara.  N.  and  Williams,  L  T.  (1992)  The 
lms*like  tyrosine  kmase,  a  receptor  lor  vascular  endothelial  growth  factor.  Science 
(Washington,  D.C.)  253,  909-991 

6  Terman,  9. 1,,  Dougher-Vermazan,  M.,  Carrion,  M.  E.,  Dimitrov.  D..  Armellino.  D.  C„ 
Gospodarowlcz  D.  and  Bohlen,  P,  (1992)  Identification  of  the  KDR  tyrosine  kinase  as 
a  receptor  lor  vascular  endothelial  call  flfewth  factor.  Biochem.  Biophys.  Res. 

Commun.  1B7,  1579-1506 

7  Kavanaugh,  W.  M..  Turck,  C.  W.  and  Williams,  L  T,  (1995)  PTB  domain  binding  lo 
signaling  proteins  through  a  sequence  motif  containing  phosphotyrosine.  Science 
(Washington.  D.C.)  266. 1177-1179 

8  Fanil,  W,  J„  Johnson,  D.  E.  and  Williams,  L  T.  (1993)  Signaling  by  receptor  tyrosine 
kinases.  Annu.  Rav.  Biochem.  62  453—481 

9  Yu,  Y.  and  Sato,  J.  0.  (1999)  MAP  kinases,  phosphaiidyllnwilol  3-kina$«.  and  p70 
S6  kinase  mediate  the  mitogenic  response  of  human  endothelial  calls  to  vascular 
endoihellal  growth  factor,  J,  Cell.  Physiol.  17B,  23S-246 

10  Dougher-Vermazen,  M.,  Hulmes,  J,  D„  Bohlen.  P.  and  Terman,  8, 1.  (1994)  Biological 
activity  and  phosphorylation  sites  of  the  bacterially  expressed  cytosolic  domain  ol  the 
KDR  VEGF-receptor.  Biochem,  Biophys,  Res.  Common.  2D6,  728-738 

11  Gerber,  H-P.,  McMurlrey,  a.,  Kowalski,  J,(  Van,  M.(  Key!.  B.  A..  Dixit.  V.  and  Ferrara, 
N.  (1998)  Vascular  endoihellal  growth  lactor  regulates  endothelial  cell  survival 
through  the  phosphatidylinositol  3-kinaseMki  signal  transduction  pathway.  J.  Biol. 
Chem.  273,  30336-3Q343 

12  WU,  L-W.,  Mayo,  L  D„  Ouab*r,  J.  D..  Kessler,  K.  M.,  Baerwald,  M.  R-,  Jaw.  E.  A.. 
Wang.  D.,  Warren,  R.  S.  and  Donnar,  D.  B.  (2000)  Utilization  ol  distinct  signaling 
pathways  by  receptors  for  vascular  endothelial  cell  growth  factor  and  other  mitogens 
in  the  induction  of  endoihellal  cell  proliferation.  J.  Biol.  Chem.  275,  5096-5103 

13  Cunningham.  S.  A..  Waxham,  M.  N„  Afrate,  P.  M.  and  Brock,  T.  A.  (1995)  Interaction 
ol  the  Flt-1  tyfosina  kinase  receptor  with  the  p85  subunit  of  phosphatidylinositol  3- 
kinase.  Mapping  of  a  novel  site  Involved  In  binding,  J.  Biol.  Cham.  270, 

20254-20257 

Cunningham.  S.  a  Arrale.  M.  P..  Brock,  T.  A  and  Waxham,  M.  N.  (1997) 

Interactions  of  FLT-1  and  KDR  wj|h  phospholipase  C-y :  Identification  ol  the 
phosphotyrosine  binding  sites.  Biochem.  Biophys.  Res.  Commun  240,  635-639 

15  Sawano,  A.,  Takahashi,  T..  Yamaguchi,  S.  and  Shibuya,  M.  (1987)  The 
phosphorylated  1169-tyrosine  containing  region  of  F|l-1  kinase  (VEGFR-1)  Is  a  major 
binding  site  lor  PLC-y.  Biochem.  Biophys.  Res.  Commun,  23B.  487-191 

16  lgarashi,  K.,  Isohara,  T.,  Kale,  T.,  Shigela.  K.,  Yamano,  T.  and  Uno,  I.  (1998) 

Tyrosine  1213  ol  Flt-1  Is  a  major  binding  site  ol  Nek  and  SHP-2,  Biochem.  Biophys. 
Res.  Commun.  246,  95-99 

17  llo,  N.,  WBfnstedt,  C.,  EnosUom.  U.  and  Claesson-Welsh,  L  (1990)  Identification  of 
vaster  endothelial  growlh  factor  receploM  lyrosine  phosphorylallon  sites  and 
binding  gl  $H2  domain-containing  molecules.  J.  Btol.  Chem.  273,  23410-23416 

Ifi  Fenn,  J.  B„  Mann,  M..  Meng.  C.  K„  Wong,  S.  F.  and  Whllehouse,  C.  M.  (1989) 
Electrospray  Ionization  for  mass  spectrometry  of  large  biomglecutes.  Science 
(Washington,  D.C.)  246,  64-71 

19  Edmonds,  C.  G.  and  Smith,  R.  D.  (1990)  Electmspray  Ionization  mass  spectrometry. 
Methods  Enzymol.  i»3, 41Z-431 

2D  Yosl.  R.  A.  and  Boyd.  R,  K.  (1990)  Tandem  mass  spectrometry:  quadrupole  and 
hybrid  instruments.  Methods  Enzymol.  iM,  154-200 

21  Watson,  J.  T.  (1900)  Sefected-lon  measurements.  Methods  Enzymol.  193. 86-106 

22  Olng,  J„  Burkhart,  W.  and  Kassel,  D.  B,  (19M)  Identification  ol  phosphorylated 
peptides  from  complex  mixtures  using  negative-ion  oriliw-polentbil  stepping  and 
capillary  liquid  chromatofiraohy/elecirospray  Ionization  mass  spectrometry.  Rapid 
Commun.  Mass  Spectrom,  8,  94-96 

23  Townsend,  R.  R„  Upnlynas,  P.  H..  Tulk,  B.  M.  and  Wrkman,  A.  S.  (1095) 
Identification  of  protein  kinase  A  phosphorylallon  sites  on  NBDi  ana  fl  domains  of 
CFTR  using  electrospray  mass  spectrometry  with  selective  phosphate  ton  monitoring. 
Protein  Sol.  5. 1865-1873 

24  Horley.  M.  T..  Yu.  Y..  Whitney,  R.  G.  and  Sato,  J.  D.  (1999)  Characterization  ol  ine 
VEGF  binding  silo  on  Ihe  Fll-1  receptor,  Biochem.  Biophys.  Res.  Commun.  262, 
731-738 

25  O'Reilly,  D.  R„  Miller,  L  K.  and  Luckow.  V.  A.  (1992)  Bsoutovlrus  Expression  Vector: 
A  Laboratory  Manual,  CRC  Press,  Boca  Ralon,  Florida 

26  Kamps,  M.  P.  and  Selton,  B.  M.  (1989)  Acid  and  base  hydrolysis  of  phosphoproielns 
bound  lo  immobilon  facilitates  analysis  of  phosphoamino  acids  In  geHraclionaled 
proteins.  Anal.  Biochem.  176,  22-27 

27  Chapline.  C„  Coltom,  J-,  Tobin.  H.,  Hulmes,  J„  Crabb,  J.  and  Jaken,  S.  (1998)  A 
major,  transformation-sensitive  PKC-bindlno  protein  Is  also  a  PKC  substrate  Invoived 
in  cytosketeul  remodeling.  J.  Biol.  Chem.  273,  19482— 1 9489 


©  2001  Biochemical  Society 


1,1,1  U4  JUL  kj'I  11:16  CUP  UPH  PRODUCTION 
C:/rcr/bico311  Jul02--art  p  lc-lmE  8  (X  7) 


S  ,  Y.  Yu  and  others 


28  Shibuya,  M.,  Yamaguchi,  S„  Yamane,  A_  Ikeda,  T..  To]o.  A..  Malsushlme,  H.  and 
Salo,  M.  (1990)  Nuciaotkte  sequence  and  expression  of  a  novel  human  receptor-type 
tyrosine  kinase  gane  (fit)  doscly  related  lo  the  Ims  family.  Oncogene  5,  5l9-»524 

29  Jansen,  R.  A.,  Beeler.  J.  F..  Heldaran,  M.  A.  and  LaRochetle.  W.  J.  (1992) 
Characierlzaiian  o(  haculovlms^xpressed  human  a  and  ft  ptalelebderlved  growth 
(actor  receptors.  Biochemistry  31,  10687—10092 

3D  Roche.  S..  Ohand,  R.,  Watered,  M.  D.  and  Courtneidge,  S.  A,  (1994)  ThB  calalylic 
subunit  of  phosphaltdyllnosliol  3-klnase  Is  a  substrate  lor  the  activated  platelet* 
dorived  growth  laclor  receptor,  but  not  (or  mlddle-T  anligen*pp6()cwc  complexes. 
Biochem.  J.  301.  703-711 

31  Greanljeld,  C..  Patel.  0..  Clark.  S..  Jones.  N.  and  Walerfleld.  M.  D.  (1998)  Expression 

o[  the  human  EGF  receptor  with  ligand-stimulaiaDle  kinase  actfvlly  In  Insect  cells 
using  a  baculcrvirus  vector.  EMBO  J,  7.  139-146  _ 

32  Welsenhelder,  J.  and  Hunter,  T.  (1992)  The  SH2/SH3  domain-conlalnmg  proleln  Nek 
is  recognized  by  certain  anti-phespbelipasa  C-y  1  monoclonal  antibodies,  and  its 
phosphorylation  on  tyrosine  Is  stimulated  by  platelet-darned  growth  lacior  and 
Widarmal  growth  factor  treatment.  Mol.  Cell,  Biol,  12,  5043-5856 

33  Shi,  E,  Kan,  M.,  Xu,  J..  Wang,  K  Hou,  J.  and  McKeehan,  W,  L  (1993)  Control  of 
fibroblast  growth  factor  receptor  kinase  signal  transduction  by  heterodimertzaliOn  of 
combinatorial  splice  variants.  Mol.  Cell.  Biol.  13.  3907-3916 

34  Wallenbergar,  J.,  Clwsson-Welsh.  L,  Slegbahn,  A.,  Shlbuya,  M.  and  Heldtn,  C,-H. 
(1994)  Different  signal  transduction  properties  ol  KOR  and  F|t-i(  two  receptors  ter 
vascular  endothelial  growth  factor.  J.  Blot.  Chem.  269,  26988-26995 

35  Sefiiharam,  L,  GDloh,  N..  Maru.  Y_  Neuleld,  G.,  Yamaguchi,  S.  and  Shihuya.  M. 
(1995)  A  unique  signal  Iransduciion  Irom  FIT  tyrosine  kinase,  a  receptor  tor  vascular 
endothelial  growth  (actor  VEGF.  Oncogene  10,  135-147 


36  Songyang,  l,  Shoelson,  S.  E,  Chaudhuri,  M.,  Gish,  G.,  Pawson,  T.(  Haser,  W.  G.( 

King.  F.,  Roberts.  T..  Ratnolsky.  S..  Lechleider.  R.  J.  er  at.  (1993)  SH2  domains 
recognize  specific  phosphopepllde  sequences.  Cell  (Cambridge,  Mass.)  72,  767-778 

37  Roche.  S..  Koegl.  M.  and  Courtneidge.  S.  A.  (1994)  The  phosphalldyllnosllol  3-klnase 
u  is  reqyind  for  DNA  synthesis  induced  by  some,  but  not  all,  growlh  laclors.  Pita. 
Natl,  Acad.  Sci,  U.SA  91,  9185-9189 

38  Abedi.  H.  and  Zachary,  l  (1997)  Vascular  andoihetial  growth  factor  stimulates 
tyrosine  phosphorylation  end  recruitment  to  new  tecal  adhesions  Of  local  adhesion 
kinase  and  paxillln  In  endothelial  cells.  J.  Biol.  Chem,  272, 15442-15451 

39  Takahashi,  T.  and  Shibuya,  M.  (1997)  The  230  kDa  maturB  (arm  ol  KDR/Flk-1  (VEGF 
receptor-2)  activales  the  PLC-y  pathway  and  partially  Induces  mitotic  signals  in 
NIH3T3  fibroblasts.  Oncogene  14,  2079-2069 

40  Guo,  D..  Jia,  Q.  Song.  H.-Y..  Warren,  fl.  S.  and  Donner.  0.  B.  (1995)  Vascular 
endothelial  cell  growlh  (actor  promotes  tyrosine  phosphorylation  of  mediators  of  signal 
transduction  that  contain  SH2  domains.  Assodailon  with  endothelial  cell  proliferation. 
J.  Biol.  Chem.  270,  6729-6733 

41  Thakker,  G.  0.,  Hajjar.  D.  P..  Muller.  W.  A.  and  flosengarl,  T.  K,  (1999)  The  role  of 
phosphalldyllnosllol  3-klnase  In  vascular  endothelial  growth  factor  Signaling.  J.  Biol. 
Chem.  274,  10002-10007 

42  Marengere.  LEM.  and  Pawson,  T.  (1994)  Slruclure  and  (unction  of  SH2  domains. 

J.  Cell  Scl.  Suppl.  IB,  97-1 Q4 

43  Gllie,  h.,  Kowalski,  J„  Li,  B„  LeCouter,  J..  Motet.  0.,  Zloncheck.  T.  E,  PeMter,  N. 
and  Farrera.  N.  (2001)  Analysis  o(  biological  eltecis  and  signaling  properties  ol  PIM 
(VEGFR-1)  and  KOR  (VEGFR-2).  A  reassessment  using  novel  receptor-spHciric 
vascular  endothelial  growth  lacior  mutants.  J,  Bid,  Chem.  276,  3222-3230 


Received  1$  January  2001/8  May  2Q01 ;  accepted  21  June  20di 


©  2001  Biochemical  Society 


o 


prince  William  Health  System 


June  14,  2001 


J.  Denry  Sato,  D.  Phil. 

Research  Scientist 

American  Type  Culture  Collection  (ATCC) 

10801  University  Boulevard 
Manassas,  VA  20110 

Dear  Dr.  Sato: 

On  May  18,  2001  the  Prince  William  Hospital  Human  Research  Review  Committee 
approved  your  study  entitled  “Receptor  Monoclonoal  Antibodies  that  Inhibit  Tumor 
Angiogenesis”. 

I  am  enclosing  a  copy  of  the  updated  Consent  Form  and  have  included  a  list  of  the 
changes  that  were  made  to  the  document.  If  these  changes  meet  with  your  approval, 
we  should  be  ready  to  begin  the  study.  However,  if  any  further  changes  are  needed, 
this  will  delay  the  start  date  of  the  study. 

If  you  are  comfortable  with  the  changes  and  are  ready  to  begin  the  study,  please 
contact  Virginia  Blair’s  office  at  369-8270. 

We  look  forward  to  getting  this  study  up  and  running  and  working  with  ATCC  on  this 
project. 

Sincerely, 


•,  Ph.D. 
Chairman,  HRRC 

Enclosures 


ml /nJV) 
Cannes  Flet 


JF/tmb 


86S0  Sudley  Road,  Suite  411  ❖  Manassas,  Virginia  20110  ❖  703  369-8270  ❖  FAX  703  369-8151 


Chapter  Twenty-Four 

Hybridoma  Cultures  for  Production 
of  Antibodies 

Purification  and  Specificity  of  Antibodies 

J.  Denry  Sato 


1.  INTRODUCTION 

During  the  process  of  characterizing  the  structure  and  function  of  novel  antigens,  it  is  usually 
necessary  to  create  new  monoclonal  or  polyclonal  antibody  reagents.  However,  once  validated, 
these  antibodies  can  be  put  to  a  multitude  of  experimental  uses,  such  as  detecting  and  quantitating 
antigens  in  cell  and  tissue  extracts  or  biological  fluids,  purifying  proteins  for  structural  analyses, 
studying  protein— protein  interactions,  and  monitoring  cellular  differentiation.  Although  many  well- 
characterized  monoclonal  antibodies  (mAbs)  to  antigens  of  general  interest  are  commercially  avail¬ 
able,  mAbs  to  specialty  antigens  may  need  to  be  individually  purified  from  hybridomas  obtained 
from  academic  sources,  or  from  not-for-profit  cell  repositories,  such  as  the  American  Type  Culture 
Collection  (www.atcc.org).  This  chapter  describes  protocols  for  producing,  purifying,  and  verify- 
ing  murine  mAbs  from  pre-existing  hybridomas. 

2.  PRODUCTION  OF  MABS 

mAbs  can  be  collected  from  hybridomas  cultured  either  in  vitro  or  in  the  peritoneal  cavities  of 
major  histocompatibility  complex-compatible  or  immunodeficient  strains  of  mice.  Although  mAbs 
can  be  recovered  at  high  concentrations  in  ascites  fluid,  those  antibodies  are  contaminated  with  an 
unknown  proportion  of  irrelevant  antibodies  from  the  host  mice.  Because  there  are  applications  in 
which  accurate  estimates  of  antibody  concentrations  are  important,  we  prefer  to  collect  mAbs  in 
serum-free  cell  culture  medium.  The  medium  formulation  provided  below  is  a  modification  of  a 
serum-free  medium  developed  for  NS-l-Ag4-l  and  related  mouse  myeloma  cell  lines  (Kawamoto 
et  al.,  1986;  Sato  et  al.,  1987;  Myoken  et  al.,  1989). 

2.1.  Materials 

RPMI-1640  DMEM  nutrient  medium  plus  five  factors  (RD+5F). 

50X  BSA-oleic  acid  stock  solution. 

Protocols  for  Neural  Cell  Culture,  3rd  Ed.  •  Ed.:  S.  Fedoroff  and  A.  Richardson  •  Humana  Press,  Inc.,  Totowa,  NJ 
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Roller  bottles,  2-L. 

Pipets,  disposable,  plastic. 

Tubes,  conical,  polypropylene,  sterile, '50-mL. 

95%  air/5%  C02,  sterile. 

2.2.  Procedure 

1.  Add  250  mL  RD+5F  medium  to  each  2-L  roller  bottle.  Add  BSA-oleic  acid  stock  solution 
(1X-1  mg/mL  BSA  and  10  jig/mL  oleic  acid). 

2.  Collect  hybridoma  cells  in  50-mL  conical  tubes,  and  centrifuge  for  5  min  at  200g.  Add  the 
cells  to  the  roller  bottles  at  a  final  density  of  1-5  +  105  cells/mL  medium. 

3.  Gas  the  medium  with  sterile  95%  air/5%  C02  to  prevent  the  pH  from  increasing,  and  tighten 
the  roller  bottle  caps,  to  prevent  gas  exchange. 

4.  Incubate  the  roller  bottles  at  37°C.  The  bottles  can  be  rolled  at  1  rpm,  but  rolling  is  not 
necessary,  and  it  may  decrease  cell  viability. 

5.  Harvest  the  conditioned  medium  when  the  phenol  red  has  turned  orange,  and  clarify  the 
medium  by  centrifugation  at  200g  for  10  min.  Store  the  medium  at  4°C. 

6.  Split  the  hybridomas  at  a  ratio  from  1:4  to  1:10,  in  fresh  medium,  to  continue  producing 
antibodies. 

3.  PURIFICATION  OF  MONOCLONAL  ANTIBODIES  (mABs) 

For  some  applications,  such  as  immunoadsorption  and  Western  blotting,  pure  mAbs  are  not 
necessary,  and  hybridoma-conditioned  medium  or  diluted  ascites  fluid  may  suffice.  However,  pure 
antibodies  are  required  for  applications  such  as  immunohistochemistry  and  the  determination  of 
antibody  affinity  for  antigen.  There  is  no  single  method  that  allows  for  the  purification  of  all 
species  of  mAbs.  The  most  convenient  method  of  purifying  murine  mAbs  of  immunoglobulin  G 
(IgG)  isotypes  is  chromatography  on  immobilized  protein  A  (Ey  et  al.,  1978)  or  protein  G  (Akerstrom 
et  al.,  1985).  This  method  both  concentrates  and  purifies  the  antibodies  in  a  single  step.  However, 
this  method  cannot  be  used  to  purify  IgM  antibodies,  and  the  low-pH  buffers  used  to  elute  bound 
antibodies  may  have  a  deleterious  effect  on  the  activity  of  some  antibodies. 

3.1.  Materials 

Protein  A-agarose  (Pierce,  cat.  no.  20333)  or  protein  G-agarose  (Pierce,  cat.  no.  20398) 
slurry. 

Phosphate-buffered  saline  (PBS),  Ca2+-Mg2+-free. 

Wash  buffer:  PBS,  pH  7.4;  or  3  MNaCl/50  mM Tris-HCl  (pH  8.9)  (High-salt  buffer). 
Elution  buffer:  0.1  Mglycine-HCl  (pH  2.5). 

Neutralization  buffer:  1  M  Tris-HCl  (pH  7.5). 

Columns  (Bio-Rad,  cat.  no.  731-1550),  10-mL,  disposable  polypropylene. 

Dialysis  membrane  with  a  mol  wt  cutoff  of  less  than  1 00  kDa  (Slide-A-Lyzer  dialysis  casette, 
Pierce,  cat.  no.  66407). 

3.2.  Procedure 

1.  Add  1-5  mL  protein  A-  or  protein  G-agarose  slurry  to  a  polypropylene  column.  Wash  the 
column  with  5  column  volumes  of  elution  buffer,  followed  by  5  column  volumes  of  wash 
buffer.  Use  high-salt  buffer,  if  purifying  IgGj  on  protein  A  (see  Section  3.1.  above). 

2.  Run  the  clarified  antibody  supernatant  (conditioned  medium)  over  the  column,  using  grav¬ 
ity  feed  or  a  peristaltic  pump  at  a  flow  rate  of  1  mL/min. 
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3.  Wash  the  column  with  50-100  column  volumes  of  wash  buffer.  High-salt  buffer  is  only 

necessary  if  washing  IgG,  bound  to  protein  A. 

4.  Elute  bound  antibody  in  1-mL  fractions,  with  at  least  5  column  volumes  of  elution  buffer. 

5.  Add  0.2  mL  1  M Tris-HCl  (pH  7.5),  to  neutralize  each  fraction  of  eluate. 

6.  Pool  fractions  containing  antibodies,  as  determined  by  absorbance  at  280  nm,  a  serological 
assay,  or  sodium  dodecylsulfate-polyacrylamide  gel  electrophoresis  (SDS-PAGE).  Dialyze 
the  pooled  antibodies  against  PBS  or  distilled  water. 

7.  Determine  the  antibody  concentration  spectrophotometrically  by  absorbance  at  280  nm  (1 
mg/mL  IgG  =  1 .4  OD280  with  a  1-cm  light  path). 

8.  Monitor  the  purity  of  the  antibody  preparation  by  SDS-PAGE.  The  heavy  and  light  chains  of 
reduced  IgG  run  as  50  and  25  kDa  bands,  respectively. 

3.3.  Comments 

1 .  Murine  IgG,  binds  poorly  to  protein  A,  but  this  interaction  can  be  substantially  improved  by 
adding  NaCl  to  the  antibody  solution,  to  a  final  concentration  of  3  M,  and  by  raising  the  pH 
of  the  antibody  solution  to  8.9.  Alternatively,  murine  IgG,,  binds  with  high  affinity  to  pro¬ 
tein  G  at  physiological  salt  concentrations. 

2.  If  the  antigen-binding  activity  of  the  antibody  of  interest  is  adversely  affected  by  the  low-pH 
buffer  used  to  elute  antibodies  from  protein  A  or  protein  G,  it  may  be  possible  to  raise  the 
pH  of  the  elution  buffer  by  up  to  1  pH  unit  or  more  to  reduce  this  effect,  while  still  recover¬ 
ing  antibody  from  the  column.  If  this  method  is  unsatisfactory,  chromatography  on  a  solid 
support,  coupled  to  diethylaminoethyl  (DEAE)  and  the  dye,  Cibacron  blue  F3GA  (DEAE- 
Affigel  Blue,  Bio-Rad),  can  be  used  to  purify  all  IgG  isotypes  at  a  pH  closer  to  7.4  (Bruck  et 
al.,  1982).  The  drawbacks  of  this  method  are: 

a.  Antibodies  do  not  bind  to  this  matrix  in  0. 1 5  M NaCl,  and  therefore  they  are  not  concen¬ 
trated. 

b.  The  final  antibody  preparation  will  contain  transferrin. 

3.  IgM  mAbs  cannot  be  purified  on  protein  A  or  protein  G.  However,  IgM  precipitates  in  low- 
ionic-strength  solvent,  so  that  can  be  purified  from  conditioned  medium  by  dialysis  against 
distilled  water  (Heide  and  Schwick,  1978).  The  precipitate  is  collected  by  centrifugation 
and  redissolved  in  PBS.  If  necessary,  IgM  can  be  further  purified  by  gel  filtration  chroma¬ 
tography  on  Sephadex  G-200  or  similar  gel  filtration  medium. 

4.  VERIFYING  ANTIBODY  ACTIVITY 

Once  a  mAb  has  been  purified,  it  is  important  to  verify  that  it  has  retained  its  antigen-binding 
activity,  before  it  is  used  in  further  experiments.  The  most  convenient  methods  for  assessing  anti- 
gen-binding  activity  are  Western  blotting  using  purified  target  antigen  or  a  complex  cell  or  tissue 
fraction,  and  immunoadsorption  coupled  with  SDS-PAGE.  A  protocol  for  immunoadsorption  is 
provided  below. 

4.1 .  Materials 

Protein  sample  containing  the  target  antigen. 
mAb  solution. 

Protein  A-agarose  or  protein  G-agarose  slurry. 

Immunoprecipitation  buffer. 

3X  SDS-PAGE  sample  buffer  (reducing). 

Eppendorf  tubes,  1.5-mL. 


Microcentrifuge. 

Minigel  apparatus. 

* 

4.2.  Immunoadsorption 

1.  Solubilize  antigen  in  50-100  pL  immunoprecipitation  buffer  in  a  1.5-mL  Eppendorf  tube. 
Centrifuge  the  solution  at  13,000g  in  a  microcentrifuge,  and  transfer  the  supernatant  to  a 
second  tube. 

2.  Add  1-10  fig  mAb,  and  incubate  the  antigen-antibody  mixture  at  4°C  for  at  least  1  h. 

3.  Add  50  pL  protein  A-agarose  or  protein  G-agarose  in  immunoprecipitation  buffer,  and  incu¬ 
bate  at  4°C  for  1-2  h. 

4.  Pellet  the  beads  by  centrifugation  at  13,000g  in  a  microcentrifuge,  and  wash  the  antibody- 
antigen  complexes,  adsorbed  to  the  protein  A  or  protein  G  beads,  with  0.5  mL  immunopre¬ 
cipitation  buffer,  5x.  Collect  the  beads  by  centrifugation  after  each  wash. 

5.  Wash  the  beads  a  final  time  with  distilled  water,  to  reduce  the  amount  of  salt  in  the  sample. 

6.  Add  an  appropriate  volume  of  IX  SDS-PAGE  sample  buffer,  heat  the  sample  for  5  min  at 
95 °C,  then  put  it  on  ice. 

7.  Electrophorese  the  sample  in  an  SDS-polyacrylamide  minigel  of  appropriate  concentration. 
Stain  the  gel  with  Coomassie  brilliant  blue  dr  silver,  to  detect  the  protein  antigen. 

4.3.  Comments 

1.  In  Western  blotting,  if  epitope  reactivity  is  sensitive  to  reducing  agents,  omit  2-mercap- 
toethanol  from  the  electrophoresis  sample  buffer. 

2.  mAbs  raised  against  native  protein  antigens  may  not  be  suitable  for  use  in  Western  blotting. 
Immunoadsorption  is  likely  to  be  a  more  suitable  application  for  these  antibodies.  Con¬ 
versely,  mAbs  raised  against  denatured  protein  antigens  may  be  most  suited  for  use  in  West¬ 
ern  blotting. 

3.  Murine  mAbs  that  do  not  bind  protein  A  or  protein  G  can  be  used  in  immunoadsorption 
assays,  by  precoating  the  protein  A  or  protein  G  beads  with  secondary  polyclonal  antibodies 
such  as  rabbit  antimouse  Ig.  If  this  method  is  used,  it  is  important  to  include  a  negative 
control  omitting  the  mAb. 

4.  Complex  protein  antigens  such  as  cell  or  tissue  lysates,  may  be  preferable  to  pure  antigen  in 
Western  blotting  or  immunoadsorption  assays  of  mAbs,  because  they  will  provide  addi¬ 
tional  information  about  antibody  crossreactivities. 

5.  An  additional  method  by  which  mAbs  can  be  verified  is  antibody  typing.  By  identifying 
antibody  heavy  and  light  chains,  this  assay  provides  supporting  evidence  that  the  antibody 
that  has  been  purified  is  indeed  correct.  Enzyme-linked  immunosorbant  assay-based  typing 
kits  are  available  from  a  number  of  commercial  sources. 

5.  APPENDIX 

5.1.  Media  and  Supplements 

1.  RD  nutrient  medium  (a  1:1  mixture  of  RPMI-1640  and  Dulbecco’s  modified  Eagle’s  me¬ 
dium): 

a.  Dulbecco’s  modified  Eagle’s  medium  with  high  glucose  (Gibco-BRL,  cat.  no.  12100- 
046).  Formulation: 

Inorganic  Salts:  mg/L 

CaCl2  (anhydrous)  200.00 

Fe(N03)  •  9H20  0.10 


JHybridoma  Cultures  for  Ab  Production 


KC1 

400.00 

MgS04  (anhydrous) 

97.67 

NaCl 

6400.00 

NaH2P04  •  H20 

125.00 

Other  Components: 

D-Glucose 

4500.00 

Phenol  red 

15.00 

Amino  Acids: 

L-Arginine  •  HC1 

84.00 

L-Cysteine  2HC1 

63.00 

L-Glutamine 

584.00 

Glycine 

30.00 

L-Histidine  HC1  •  H20 

42.00 

L-Isoleucine 

105.00 

L-Leucine 

105.00 

L-Lysine  HC1 

146.00 

L-Methionine 

30.00 

L-Phenylalanine 

66.00 

L-Serine 

42.00 

L-Threonine 

95.00 

L-Tryptophan 

16.00 

L-Tyrosine  2Na  •  2H20 

104.00 

L-Valine 

94.00 

Vitamins: 

D-Calcium  pantothenate 

4.00 

Choline  chloride 

4.00 

Folic  acid 

4.00 

/-Inositol 

7.20 

Niacinamide 

4.00 

Riboflavin 

0.40 

Thiamine  HC1 

4.00 

Pyridoxine  HC1 

4.00 

RPMI-1640  formulation: 

Inorganic  salts 

mg/L 

Ca(N03)2  •  4H20 

100.00 

KC1 

400.00 

MgS04  (anhyd.) 

48.84 

NaCl 

6000.00 

Na2HP04  (anhyd.) 

800.00 

Other  Components: 

D-Glucose 

2000.00 

Glutathione  (reduced) 

1.00 

Phenol  red 

5.00 

Amino  Acids: 

L-Arginine 

200.00 

L-Asparagine  (free  base) 

50.00 

L-Aspartic  acid 

20.00 

L-Cystine  2HC1 

65.00 

L-Glutamic  acid 

20.00 
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L-Glutamine  300.00 

Glycine  10.00 

L-Histidine  (free  base)  *  15.00 

L-Hydroxyproline  20.00 

L-Isoleucine  50.00 

L-Leucine  50.00 

L-Lysine  •  HC1  40.00 

L-Methionine  15.00 

L-Phenylalanine  15.00 

L-Proline  20.00 

L-Serine  30.00 

L-Threonine  20.00 

L-Tryptophan  5.00 

L-Tyrosine  2Na  •  2H20  29.00 

L-Valine  20.00 

Vitamins: 

Biotin  0.20 

D-Calcium  pantothenate  -  0.25 

Choline  chloride  3.00 

Folic  acid  1.00 

I-Inositol  35.00 

Niacinamide  1.00 

Para-aminobenzoic  acid  1 .00 

Pyridoxine  HC1  1 .00 

Riboflavin  0.20 

Thiamine  HC1  1.00 

Vitamin  B12  0.005 


c.  Reconstitute  equivalent  amounts  of  powdered  RPMI  1640  (Gibco-BRL,  cat.  no.  31800- 
022)  and  DMEM  with  high  glucose  with  Milli-Q  water  according  to  the  manufacturer’s 
instructions  to  give  a  final  1 : 1  mixture  (by  volume). 

d.  Stir  in  the  following  reagents  to  the  final  concentrations: 


Final 

Component  concentration 

HEPES  (Research  Organics,  Cleveland,  OH, 

cat  no.  6003H)  15mM 

L-Glutamine  (Sigma,  cat.  no.  G-3126)  2  m M 

Na  pyruvate  (Sigma,  cat.  no.  P-2256)  0.01% 

NaHC03  (J.T.  Baker,  cat.  no.  3506-01)  2.0  g/L 

Penicillin  (Sigma,  cat.  no.  P-3032)  100  IU/mL 

Streptomycin  (Sigma,  cat.  no.  P-3032)  50  pg/mL 


e.  Adjust  the  pH  to  7.5,  and  sterilize  the  medium  by  filtration  through  a  0.22-pm  filter. 
2.  Medium  supplements,  200X  stock  solutions: 
a.  Make  the  following  stock  solutions: 

i.  Insulin  (Sigma,  cat.  no.  1-5500),  200X  stock. 

2  mg/mL  insulin  in  10  mMHCl. 

ii.  Transferrin  (Sigma,  cat.  no.  T-2252),  200X  stock. 

2  mg/mL  human  transferrin  in  PBS. 

iii.  Ethanolamine  (Sigma,  cat.  no.  E-9508),  200X  stock. 
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3. 


4. 


IV. 


2  m M  ethanolamine  in  Milli-Q  water. 
2-Mercaptoethanol  (Sigma,  cat.  no.  M-6250),  200X. 


4ml  1TXVA  w  w**^**^  -  \ Q 7 

2  m M  2-mercaptoethanol  in  Milli-Q  water, 
v.  Na  selenite  (Sigma,  cat.  no.  S-1382),  200X. 

2  p M  Na  selenite  in  Milli-Q  water, 

b.  Sterilize  stock  solutions  by  filtration  through  0.22-pm  filters, 
c  Keep  supplements  at  -20°C  for  long-term  storage. 

Fatty  acid-free  bovine  serum  albumin  (BSA)  (Bayer,  cat.  no.  82-002-2)  conjugated  with 
oleic  acid  (Sigma,  cat.  no.  0-1008)  (50X  Stock  solution). 

a.  Make  a  50-mg/mL  solution  of  fatty  acid-free  Fraction  V  BSA  in  PBS.  Filter-sterihze 
through  0.22-pm  filter. 

b.  Make  a  20-mg/mL  solution  of  oleic  acid  in  100%  ethanol. 

c.  For  each  mL  BSA  solution,  add,  dropwise,  with  constant  stirring  at  37°C,  25  pL  20  mg/ 
mL  solution  of  oleic  acid  (final  concentration  500  pg/mL).  If  the  solution  is  turbid. 


incubate  it  in  a  37°C  water  bath  until  it  clears. 

Note:  A  commercial  BSA-oleic  acid  conjugate  is  available  from  Sigma  (cat.  no.  0-3008). 

d.  Store  the  50X  stock  solution  at  4°C  in  a  light-tight  container. 

RD+5F  (Factor)  medium:  *  .  ....  -  .  , 

a.  Add  appropriate  volumes  of  the  200X  stock  solutions  of  insulin,  transferrin,  ethanola¬ 
mine,  2-mercaptoethanol,  and  Na  selenite  to  RD  nutrient  medium. 

b.  Supplement  the  medium  with  BSA-oleic  acid  to  final  concentrations  of  1  mg/mL  BSA, 
which  corresponds  to  10  pg/mL  oleic  acid. 


5.2.  PBS,  Ca2+-Mg2+-Free 

NaCl 

KC1 

kh2po4 

NaHP04 
Adjust  pH  to  7.4. 


8.00  g/L 
0.20  g/L 
0.20  g/L 
1.15  g/L 


5.3.  Immunoadsorption  Buffers 

1 .  Immunoprecipitation  buffer: 

PBS  (see  5.2),  adjusted  to  0.5  MNaCl  (pH  7.4). 
0.1%  SDS  (Sigma,  cat.  no.  L-4509). 

1%  NP-40  (Sigma,  cat.  no.  N-6507). 

0.5%  Na  deoxycholate  (Sigma,  cat.  no.  D-6750). 

2.  3X  SDS-PAGE  sample  buffer  (reducing): 

0.5  MTris-HCl  (pH  6.8)/0.4%  SDS 
25%  SDS  in  H20 

2-Mercaptoethanol  (Sigma,  cat.  no.  M-6250) 
Glycerol  (J.T.  Baker,  cat.  no.  2140-01) 
Bromophenol  blue  (Bio-Rad,  cat.  no.  161-0404) 


1  mL 
0.8  mL 
0.5  mL 
1  mL 
0.05% 
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